Introduction {#Sec1}
============

There are certain requirements towards all the materials (implants or dental appliances) which are inserted in human body. The following problems are considered: biological safety tissue response, biofunctionality and corrosion resistance. Also, technological and economic aspects are important \[[@CR1]\]. Many of those aspects are covered by biocompatibility approach. It seems that the applied biomaterials should possess two significant features. The first aspect is integrity and degradation of the material and the second is the reaction of the host organism (toxic effects and allergic response) \[[@CR2]\]. Alloys should be biocompatible and present required mechanical properties (resistance to stress and wear) \[[@CR3]\].

The application of orthodontic devices (brackets, bands, and wires) in the oral cavity requires evaluation of biocompatibility of the materials. The latter is related with the susceptibility for ion release, corrosion resistance, and ability to create a passivation layer. Valid definitions of biocompatibility were given by Black (1984) \[[@CR4]\] and Williams (1998) \[[@CR5]\]. The term was defined as the response of a host organism to the presence of potentially inert biomaterials. Biocompatibility studies usually include investigation of histopathological changes in host which was exposed to the material for an extended period of time. Host response is a measure of biocompatibility \[[@CR6]\]. In order to make the results of biocompatibility studies comparable, the guidelines and procedures were included in ASTM and ISO standards \[[@CR7], [@CR8]\].

Previously, the problem of corrosion of orthodontic appliances and resulting ions release in in vitro and in vivo conditions was discussed \[[@CR9], [@CR10]\]. The objective of the present work was to review systematically cytocompatibility of the materials by cell culture experiments on osteoblasts (OB) and osteoblast-like cells. In the available literature, no systematic review discussing this topic was found.

Materials and Methods {#Sec2}
=====================

The following search criteria were selected to find papers describing the cytocompatibility of metal alloys containing Ni applied for medical purposes by osteoblast and osteoblast-like cell cultures. The search consisted of the following criteria: cytocompatibility (or biocompatibility) and osteoblast and nickel (or Ni--Ti or NiTi or Nitinol or \"stainless steel\"). The combinations of keywords and search results are presented in Table [1](#Tab1){ref-type="table"}. To find articles which can match the mentioned criteria, a search in PubMed database was conducted (from 1966 to April 2010). Table 1PubMed search strategyNo.Word or phraseResults1aCytocompatibility5351bBiocompatibility9,1422Osteoblast25,0163aNickel24,6873bNi--Ti1,4363cNiTi6883dNitinol1,8103e"Stainless Steel"10,7455(1a or 1b)9,1426(1a or 1b) and 25987(3a or 3b or 3c or 3d or 3e)36,1558(1a or 1b) and 2 and (3a or 3b or 3c or 3d or 3e)43

The keyword "cytocompatibility" was extended with "biocompatibility," because cytocompatibility is a particular case of biocompatibility, which is the wider term. To the keyword "nickel," additional keywords "or Ni--Ti or NiTi or Nitinol" or "stainless steel" were added because not all papers which discussed cytocompatibility of materials potentially release nickel, the words "nickel" and "stainless steel" were included in title and abstract section, and Ni--Ti, NiTi, and Nitinol are the most frequently used terms for superelastic alloys containing nickel, applied in orthodontics and orthopedics. The keyword "nickel" was selected, because this metal and its potential toxicity are of particular concern. All the articles that met the inclusion criteria of the systematic review were selected for the study. Eligibility of the selected studies was determined by reading the abstracts of papers identified by the search. The abstracts of related articles were reviewed to search for any similar studies. Following exclusion criteria were applied: other than English papers, exposure to nickel from materials other than those used in orthodontic and orthopedic treatment, reviews, case reports, or papers concerning topics other than cytocompatibility tests by osteoblasts.

Results {#Sec3}
=======

The PubMed search identified 43 studies \[[@CR11]--[@CR53]\]. No additional search in other databases was performed. From 43 identified studies, 21 met the selection criteria \[[@CR33]--[@CR53]\]. Excluded studies \[[@CR11]--[@CR32]\]---with the reported reason of exclusion---are presented in Table [2](#Tab2){ref-type="table"}. Included studies are listed in Table [3](#Tab3){ref-type="table"}. Table 2Studies that fulfilled the selection criteria but were excluded from the "[Results](#Sec3){ref-type="sec"}" section \[[@CR11]--[@CR32]\] Authors, dateReason for exclusion\[[@CR11]\]Arslan et al., 2008Different topic\[[@CR12]\]Berger-Gorbet et al., 1996Different material---NiTi screws\[[@CR13]\]Bogdanski et al., 2002In German\[[@CR14]\]Bombonato-Prado et al., 2009Different topic---expression of genes\[[@CR15]\]Bosetti et al., 2002Different material---silver coated\[[@CR16]\]Brors et al., 2002Different topic\[[@CR17]\]Brunot et al., 2007Different topic\[[@CR18]\]Diaz et al., 2008Different topic\[[@CR19]\]González-Carrasco et al., 2005Different topic\[[@CR20]\]Gough and Downes, 2001Different topic\[[@CR21]\]Kapanen et al., 2002Different topic---surface stresses\[[@CR22]\]Kapanen et al., 2002Different topic---surface stresses\[[@CR23]\]Li et al., 2006In Chinese\[[@CR24]\]Macnair et al., 1997Different material---orthopedic polymers\[[@CR25]\]Misra et al., 2010Different material---nanograined/ultrafine-grained\[[@CR26]\]Morais and Pereira, 2000Different topic\[[@CR27]\]Nicula et al., 2007Different topic\[[@CR28]\]Petrolati et al., 1999Different topic\[[@CR29]\]Santavirta et al., 1992Different topic\[[@CR30]\]Shahryari et al., 2009Different topic\[[@CR31]\]Tschon et al., 2005Different topic---soft tissue response\[[@CR32]\]Woodruff et al., 2007Different topicTable 3Studies that fulfilled the selection criteria and were included for the review in the "[Results](#Sec3){ref-type="sec"}" section---characterization of the studied materials, methodology, and resultsReferencesExample application of the materialType/additional material processingDetermination of physical and chemical properties of the materialsResultsHuman osteoblasts (OB)Bordji et al. \[[@CR33]\]Orthopedic implantsStst AISI 316 L implanted with (1) N-implanted, (2) C-doped, (3) nitrided, (4) untreatedChemical composition (surface layer) EPMA, microhardness (Vickers), wear, and corrosion resistanceSurface treatment improved the mechanical properties; surface characterization---corrosion, wear resistance, and microhardness improved (by ion implantation or carbon coating)Ryhänen et al. \[[@CR34]\]Orthopedic implantsNitinol (Unitec), Stst AISI 316 LVM, ASTM Grade 2 commercially pure Ti, composite material Silux Plus®, white soft paraffinDetermination of corrosion rate by GFAASCorrosion rate: Ni initial release order: Nitinol \> Stst; after 2 days: Nitinol = StstSchmidt et al. \[[@CR35]\]Dental, orthopedic implantsPure Ti (cpTi), Ti--6Al--7Nb, Stst, Thermanox (control)Material surface characterization---roughness (profilometer AFM) and SEMSEM: Thermanox---very smooth surface with almost no elevations and depressions; stainless steel---smooth surface with some humps uniformly distributed; traces from surface polishing; pure titanium---depressions of different depths resulting from the manufacturing process; edges of the holes smooth; scratches on the material surface; titanium alloy---prominent ridges of about 5--10 mmBogdanski et al. \[[@CR36]\]Orthodontic wires, implants, bone substitute materialsPure Ni, NiTi alloy (with variable Ni and Ti content, 10 samples), pure TiMicroscope characterization of biomaterials; XRDThe composition of ten different sections was consistent with the phase diagrams---different intermetallic phasesHao et al. \[[@CR37]\]Internal fixation devicesStst 316 LS modified by CO~2~ laser treatmentSurface analysis (SEM), XPS, surface profiling/surface roughnessWettability positively correlated with proliferation of cells; roughness depended on electric field intensity of laser CO~2~ treatment, at 1,500 W, which was higher than when treated with 2,400 WHuman osteoblast-like cellsRiccio et al. \[[@CR38]\]BiomaterialsStst, Ti alloy, Co--Cr--Mo alloy, carbon fiber-reinforced polybutylene terephthalate, hydroxyapatite--^b^--^b^Bogdanski et al. \[[@CR36]\]--^a^--^a^--^a^--^a^Torricelli et al. \[[@CR39]\]Orthopedic implantsStst P558, Ti6Al4V (Ti alloy), polystyrene wells (control)Surface roughness, chemical compositionSurface roughness of Ti alloy was higher than Stst P558Montanaro et al. \[[@CR40]\]Orthopedic implantsStst Böhler P558 (Ni-free), Stst AISI 316 LSurface roughness, chemical compositionRa values below 0.2 μmMichiardi et al. \[[@CR41]\]Dental (orthodontics), orthopedic implantsNiTi alloy oxidized at 400°C at subatmospheric pressure, untreated NiTi, cpTi--^b^--^b^Animal osteoblastsMorais et al. \[[@CR42]\]ImplantsAISI Stst 316LDetermination of released metal ions---AASThe concentration of metal ions released from Stst (μg/ml): Fe(III), 500; Cr(III), 122; Ni(II), 101. Diluted 10^3^, 10~,~^4^ 10^5^ timesKapanen et al. \[[@CR43]\]Dental wares and gastrointestinal surgeryNitinol (Ni--Ti alloy), Stst AISI 316LVM, ASTM Grade 2---pure Ti, Tisto, pure Ni--^b^--^b^Fini et al. \[[@CR44]\]Dental, orthopedic implantsStst P558, SSt, Ti6Al4V, polystyrene wells (control)Surface roughness (laser profilometer), chemical compositionTi6Al4V---the highest roughness values (in vivo test)Cortizo et al. \[[@CR45]\]Orthodontic appliancesPure metals: (1) Ag, (2) Au, (3) Pt, (4) Pd, (5) Cu, (6) Ni/Ti alloy (Nitinol), (7) FBS-DMEM (control)Measurement of concentration of released ions---FAAS; electrochemical experimentsAnions and proteins interfered in the corrosion process---by voltammograms; fetal bovine serum (FBS) influenced electrochemical process by decrease of the oxidation rate of the metalYeung et al. \[[@CR46]\]Orthopedic implantsNiTi alloy implanted with (1) NiTi---not implanted, (2) NiTi--N, (3) NiTi--O, (4) control (empty well)Chemical composition and depth profile (XPS)Near-surface Ni content in the treated materials was reduced. PIII treatment improved the surface properties of NiTi alloys; better corrosion resistance was achieved together with the reduced released of NiYeung et al. \[[@CR47]\]Orthopedic implantsNiTi alloy implanted with (1) NiTi, (2) NiTi, (3) NiTi, (4) NiTi---not implantedDepth profile (XPS), microhardness, surface morphology (SEM), ion release (ICP-MS), corrosion resistanceLeaching of Ni and Ti was reduced by implantingWu et al. \[[@CR48]\]Medical implantsNi and Ti powder fabricated into porous alloy oxidized at 6 different temperatures and untreated porous NiTi, wells without any metal disks (control)Oxygen plasma immersion ion implantation, compression test, XPS, immersion tests---ICP-MSGood mechanical properties and superelasticity; the quantity of nickel released from the material was lower than from the untreated samples; XPS---nickel-depleted surface layer predominantly composed of TiO~2~ is produced by O-PIII and was a barrier against release of nickelWu et al. \[[@CR49]\]Surgical implants, material for bone graftsNi and Ti powder fabricated into porous alloy oxidized at 6 different temperatures 300°C, 400°C, 450°C, 550°C, 600°C, 800°C for 1 h and untreated (control)Roughness, Ni release behavior (ICP-MS), transformation temperatures, superelasticity, morphology (SEM), XPS, immersion test, DSC, and compression testLower Ni release, best superelasticity, austenite transition temperature below 37°C for the material fabricated at 450°CLiu et al. \[[@CR50]\]Orthopedic implantsNiTi with the surface modified by nitrogen plasma immersion ion implantation (N-PIII) at various voltagesChemical composition XRD; topography and roughness before and after N-PIII---AFM; immersion test (ICP-MS), SEM; three-point bending testsNear-surfaceNi concentration---reduced by PIII; the surface TiN layer suppressed nickel releaseYeung et al. \[[@CR51]\]Orthopedic implantsNiTi---nitrogen plasma ion implantation (N-PIII); control---untreated NiTi, Stst, Ti--6Al--4VChemical composition XPS, corrosion resistance---immersion tests (ICP-MS), hardness measurements; surface roughness (AFM)The corrosion resistance and release of Ni ions were improved by ion implantation as compared with Stst and NiTi, comparable with alloy containing TiOchsenbein et al. \[[@CR52]\]Orthopedic implantsPure Ti coated by the sol--gel process, oxidized with TiO~2~, SiO~2~, Nb~2~O~5~, SiO~2~--TiO~2~, uncoated, 316 SL Stst as a positive controlFTIR, X-ray diffraction, VASE, dual-beam focused ion beam/SEM, WLI, AFM, contact angle measurement for surface energyPhysicochemical characterization of the oxide coatings showed a nanoporous structure in the TiO~2~ and Nb~2~O~5~ layers, the SiO~2~ and SiO~2~--TiO~2~ layers appeared almost smooth; the absence of organic residues; the thickness of layers was 100 nmLiu et al. \[[@CR53]\]Orthopedic implantsNiTi with the surface modified by nitrogen plasma immersion ion implantation (N-PIII) at 0 (control), 50, 100, 200 HzXPS, AFMXPS---implantation depth of nitrogen increased with higher pulsing frequencies; AFM---nanoscale surface roughness increased and surface features are changed from islands to spiky cones with higher pulsing frequencies^a^The results are discussed in the section "Human Osteoblasts" (OB)^b^Not found

Tables [3](#Tab3){ref-type="table"}, [4](#Tab4){ref-type="table"}, and [5](#Tab5){ref-type="table"} present the materials, methodology, and results. Because of severe differences in applied methodology, it was impossible to conduct quantitative statistical elaboration of the results reported in various papers. The main characteristics investigated in the evaluation of the biomaterials included physical and chemical properties, biocompatibility by culturing OB or fibroblasts (FB; proliferation and viability tests) and by phenotypic biomarkers, e.g., ALP (alkaline phosphatase activity), OC (Osteocalcin), CICP (Type I C-terminal collagen propeptide), as well as bioadhesion. Table 4Studies that fulfilled the selection criteria and were included for the review in the "[Results](#Sec3){ref-type="sec"}" section---cell culture experimentsReferencesType of cellsType of assayControlResultsStatisticsHuman osteoblasts (OB)Bordji et al. \[[@CR33]\]OB from trabecular boneCell proliferation and viability test (after 14, 18, 21 days), cell protein content testYesOB viability after 14, 18, 21 days (%): (1) Stst N-implanted: 94.4, 94.4, 93.4; (2) Stst C-doped: 94.3, 94.4, 93.9; (3) Stst nitrided, 70.0, 66.9, 66.4; (4) Stst untreated, 93.7, 91.8, 93.5*t* testRyhänen et al. \[[@CR34]\]OB from alveolar boneCell proliferation and viability test (after 2, 4, 6, 8 days)YesCell culture of OB revealed no toxic effect, no decrease in cell proliferation, and no inhibition on the growth of cells. Cell proliferation vs. control group (%): (1) Nitinol, 100.5; (2) Stst, 104.7; (3) Ti, 99.5; (4) Composite, 53.6Two-sample *t* testSchmidt et al. \[[@CR35]\]OB from femur or femoral headCell proliferation and viability test (after 3, 7, 11, 15, 19 days)YesAfter 19 days, 300% increase of cell number; Thermanox, Ti--6Al--7Nb, cpTi---the culture reached stationary phase, in culture on Stst---growth curve was linear, stationary phase was not reached. Cell counts after 19 days^c^: (1) pure Ti (cpTi), 95,000; (2) Ti--6Al--7Nb, 95,000; (3) Stst, 120,000 (linear growth); (4) Thermanox (control), 109 000; (1, 2, 4) stationary phase reached after 15 daysTukey--Kramer testBogdanski et al. \[[@CR36]\]Primary OBCell proliferation and adhesion test (after 3 days)--^b^Good biocompatibility for a nickel content up to 50%; the lack of biocompatibility at high nickel contents may be ascribed to the presence of elemental nickel or nickel-rich intermetallic phases; the released nickel rapidly reached cytotoxic concentrations within 1 day--^b^Hao et al. \[[@CR37]\]OB-hFOB 1.19Proliferation test (after 7 days), cell attachment, morphology---by SEMYesSignificant increase in cell proliferationOne-way ANOVA, Scheffe's post hoc multiple-comparison testHuman osteoblast-like cellsRiccio et al. \[[@CR38]\]Embryonic OB-likeViability, morphology, osteogenic capacityYesStudied materials did not exert any significant cytotoxic effects on cultured osteoblasts; plating efficiency, adhesion, and morphology of OB; ability of cells to proliferate around the tested materials was confirmed--^b^Bogdanski et al. \[[@CR36]\]OB-like osteosarcoma cells MG63 and SAOS-2--^a^--^a^--^a^--^a^Torricelli et al. \[[@CR39]\]OB-like cells-MG63Cell proliferation and viability test (after 3 days) with use of WST-1, morphology---SEM imagesYesStst P558---no negative effects on cell proliferation, activation, and differentiation compared to alloy of Ti or control; SEM images---no changes in morphologyOne-way ANOVA, Scheffe's post hoc multiple-comparison testMontanaro et al. \[[@CR40]\]OB-like cells MG63Cell proliferation test (NR uptake assay, AB staining assay)Negative and positive controlThe extracts did not reduce viability or cell growth potential and therefore did not have toxic effects. Cell viability index (%)^c^: (1) Stst Böhler P558 (Ni-free), 100; (2) Stst AISI 316 L, 95. Cell growth index (%)^c^: (1) Stst Böhler P558 (Ni-free), 110; (2) Stst AISI 316 L, 102*t* testMichiardi et al. \[[@CR41]\]OB-like cells MG63Cell proliferation and viability test (after 1, 3, 6, 9 days) with use of WST-1, adhesion test with use of WST1 test (after 1, 4, 8 h)Positive (polystyrene surface) and negative (Teflon surface) controlProliferation---untreated and oxidized NiTi surfaces are not cytotoxic; the differences of initial adhesion did not affect the proliferation; adhesion test---oxidation treatment delays cell adhesion (no stat. sign. vs. control); proliferation study---the cells continually proliferated, except for the positive control (the difference is not significant); the negative control---stat. sign. higher number of cells at each time of culture*t* test, one-way ANOVA with Fishers and Tukey's multiple-comparison testsAnimal osteoblastsMorais et al. \[[@CR42]\]Rabbit OB from bone marrowCell proliferation and viability test (after 7, 14, 21, 28 days)YesMetal ions stimulate proliferation vs. control; cell proliferation increased in the presence on NiDouble-sided *t* test/yesKapanen et al. \[[@CR43]\]Rat osteosarcoma cell line ROS---17/2.8Viability test (after 2 days) with use of LIVE/DEAD® Viability/Cytotoxicity Kit--^b^Ratio of dead to live cells significantly higher in Ni and Stst; Ti culture---lower death rate comparing to Stst culture. Amount of dead cells/1,000 cells: NiTi, 4; Stst, 21; Ti, 4.8; Ni, 51. Stat. sign. NiTi and Ti \< NiANOVA, *t* test with Bonferroni correctionFini et al. \[[@CR44]\]Rat OB from trabecular boneCell proliferation and viability test (after 3 days) with use of WST-1YesStst P558 enhanced osteoblast differentiation. WST1 OD at 450 nm: (1) control, 1.016; (2) P558, 1.028; (3) Ti6Al4V, 0.966Multiple-way ANOVACortizo et al. \[[@CR45]\]Rat OB osteosarcoma derived cells UMR106 and MC3T3E1 cellsCell growth (mitotic index) and differentiation (after 2 days)YesCu and Ag are most toxic elements; other metals are biocompatible with OB (cell survival (%), mitotic index)^c^: pure metals: (1) Ag 75, 0.005; (2) Au 96, 0.01; (3) Pt 100, 0.016; (4) Pd 100, 0.012; (5) Cu 3, 0; (6) Ni/Ti alloy (Nitinol) 110, 0.025; (7) control 100, 0.018*t* test; correlation by Pearson's correlation coefficientYeung et al. \[[@CR46]\]Mice OB from calvarial boneCell proliferation, viability, and adhesion test (after 2, 4, 6, 8 days)Yes (empty wells)Cell proliferation (×10,000) after 2, 4, 6, 8 days^c^: (1) NiTi 4.9, 10, 15.1, 17; (2) NiTi--N 4.9, 4.8, 10, 18; (3) NiTi--O 4.9, 4.2, 8, 12; (4) control 2, 6, 20, 24;*t* testYeung et al. \[[@CR47]\]Mice OB from calvarial boneCell proliferation, viability, and adhesion test (after 2, 4, 6, 8 days)Yes (not implanted material)The best biological effect---material implanted with nitrogenUnpaired two-sample *t* testWu et al. \[[@CR48]\]Mice OB from calvarial boneCell proliferation test (after 8 days), morphology---fluorescent microscopyYesNo immediate cytotoxic effects were found; the treated and untreated materials were well tolerated by the EGFP-expressing osteoblasts; the cells attached and proliferated--^b^Wu et al. \[[@CR49]\]Mice OB from calvarial boneCell proliferation test (after 8 days), morphology---fluorescent microscopyYesCell cultures showed that NiTi oxidized at 450°C---no cytotoxicity (cell proliferation and growth); the cells attached to and proliferated on the entire surface of NiTi (oxidized at 450°C and untreated); only a small amount attached to the material fabricated at 600°C--^b^Liu et al. \[[@CR50]\]Mice OB from calvarial boneCell proliferation and viability test (after 1 day), morphology---fluorescent microscopyYesThe surface TiN layer favored osteoblast proliferation; this concerned materials implanted at higher voltages (30 and 40 kV), which adhere better than unimplanted and 20 kV PIII. Cell proliferation after 8 days, cell number^c^:\
(1) empty well, 1,100; (2) control, 700; (3) 20 kV, 740; (4) 30 kV, 825; (5) 40 kV, 775Unpaired two-sample *t* testYeung et al. \[[@CR51]\]Mice OB from calvarial boneCell proliferation (after 2,4, 6, 8 days) and cell viability testYesNumber of viable cell (×10,000) after 2, 4, 6, 8 days^c^: (1) NiTi 4.9, 6, 8, 12.5; (2) NiTi--N 4.9, 5, 10, 15; (3) Stst --^b^, 2.5, 7, 9; (4) Ti--6Al--4V 2, 2.3, 7.5, 10.2Two-sample *t* testOchsenbein et al. \[[@CR52]\]Mice OB from calvarial bone---MC3T3-E1Cell proliferation (after 3--6 days) and viability test (Alamar-blue dye by intracellular respiratory activity), morphology---SEMYesSEM---good cell attachment for all the materials; higher cell proliferation rates---SiO~2~--TiO~2~ and TiO~2~, and lower in Nb~2~O~5~ and SiO~2~; the vitality rates increased for cpTi and Nb~2~O~5.~ Proliferation rate with regard to control after 6 days (%)^c^: (1) cpTi, 120; (2) Nb~2~O~5~, 105; (3) SiO~2~, 100; (4) SiO~2~--TiO~2~, 130; (5) TiO~2~, 125; (6) 316 L 18. Vitality test with regard to control after 6 days (%)^c^: (1) cpTi, 105; (2) Nb~2~O~5~, 105; (3) SiO~2~, 98; (4) SiO~2~--TiO~2~, 101; (5) TiO~2~, 103; (6) 316 L, 20One-way ANOVALiu et al. \[[@CR53]\]Mice OB from calvarial boneCell proliferation and viability (after 1 day), morphology---fluorescent microscopyYesMore cells were attached to the materials treated with 50 and 100 Hz than in the control and 200 Hz; similar results were obtained for proliferation; the majority of OB---polygonal shape and the plasma membranes---extended to all sides; many OB in the control and at 200 Hz polarized shape and elongate in opposite directions (partially spreading behavior)--^ba^The results are discussed in the section "Human Osteoblasts" (OB)^b^Not found^c^Read from the graphTable 5Studies that fulfilled the selection criteria and were included for the review in the "[Results](#Sec3){ref-type="sec"}" section---results of experiments of phenotypic and genotypic markersReferencesTestsResultsHuman osteoblasts (OB)Bordji et al. \[[@CR33]\]ALP, OC production (OSTK-PR kit with rabbit polyclonal antibody against human OC)ALP was diminished in OB culture on nitrided Stst, as compared with untreated Stst. OC was 30% less than for Stst which was not treated. Stst nitrided at low temperature strongly influenced expression of phenotypic markers of OB. Although, those markers were not influenced by N-implantation or C-doping of Stst as compared to untreated StstRyhänen et al. \[[@CR34]\]ALP--^a^Schmidt et al. \[[@CR35]\]ALP, CICP, OCControl Thermanox, Stst, cpTi---moderate increase of alkaline phosphatase activity; Ti--6Al--7Nb---no significant change of ALP; OC levels---generally higher on implant material than in the controlBogdanski et al. \[[@CR36]\]--^a^--^a^Hao et al. \[[@CR37]\]MTTMTT optical density after 7 days of cell culture of osteoblast cells^b^: (1) untreated, 0.06; (2) mechanically roughened, 0.08; (3) CO~2~ laser 1,500 W, 0.022; (4) CO~2~ laser 2,400 W, 0.048Osteoblast-like cellsRiccio et al. \[[@CR38]\]ALP, CICPElevated alkaline phosphatase 1,25(OH)2D3 response activity associated with plasma membranes and matrix vesicles; production of thick extracellular matrix (CICP) mineralized in the environment of beta-glycerophosphateBogdanski et al. \[[@CR36]\]--^a^--^a^Torricelli et al. \[[@CR39]\]ALP, NO, PICP, IL-6, OC, TGF-β1No differences in IL-6 production; OC, and TGF-β1 were higher compared to control and Ti groupMontanaro et al. \[[@CR40]\]ALP, CICP, and OC; genotoxicity testsALP, CICP, and OC production showed that the materials support the expression of these phenotypic markersMichiardi et al. \[[@CR41]\]ALP, BCA protein assay, OCALP and OC increased on oxidized surfaceAnimal osteoblastsMorais et al. \[[@CR42]\]MTT, ALP, ALP staining (ALP positive cells), phosphate and calcium depositsDisadvantageous and slight alteration in the levels of ALP in the presence of ions; Ca and P deposits---the process of mineralization retarded in the presence of ions; lower ALP production ability vs. controlKapanen et al. \[[@CR43]\]Apoptosis tests---DNA laddering, TUNEL assay, immunofluorescence microscopy of focal contactsTUNEL assay (rate of apoptosis): Ti \> NiTi \> Stst \> Ni. Comparison of cytotox. and TUNEL: % apoptotic cells in dead cells: (1) NiTi, 48; (2) Stst, 5.6; (3) Ti, 62; (4) Ni, 1.8. Focal contacts: NiTi \> Ti \> Stst \> NiFini et al. \[[@CR44]\]ALP, PICP, OC, NO, TGF-β1, IL-6OC (ng/ml): (1) control, 9.65; (2) P558, 19.58; (3) Ti6Al4V, 19.43. P558 enhanced OC levels and reduced IL-6 production ALP (IU/l): (1) control, 14.44; (2) P558, 17.18; (3) Ti6Al4V, 15.42Cortizo et al. \[[@CR45]\]ALPMetal ions caused induction of cell death by early mitosis arrest, apoptosis, and necrosisYeung et al. \[[@CR46]\]--^a^--^a^Yeung et al. \[[@CR47]\]--^a^--^a^Wu et al. \[[@CR48]\]--^a^--^a^Wu et al. \[[@CR49]\]--^a^--^a^Liu et al. \[[@CR50]\]--^a^--^a^Yeung et al. \[[@CR51]\]--^a^--^a^Ochsenbein et al. \[[@CR52]\]Actin and vinculin, immunolabelingAll materials induced a normal cytoskeleton and well-developed focal adhesion contactsLiu et al. \[[@CR53]\]--^a^--^aa^Not found^b^Read from the graph

Table [3](#Tab3){ref-type="table"} discusses the properties of evaluated materials. The main biomedical applications investigated were orthopedic implantology, surgery, and orthodontics.

The Type of Materials and Additional Processing {#Sec4}
-----------------------------------------------

The type of the material included stainless steel (316 L \[[@CR33], [@CR34], [@CR40], [@CR42], [@CR43]\], 316LS \[[@CR37], [@CR52]\], P558 \[[@CR39], [@CR40], [@CR44]\], Stst not specified \[[@CR35], [@CR38], [@CR44], [@CR51]\]), NiTi (different types) \[[@CR34], [@CR36], [@CR41], [@CR43], [@CR45]--[@CR51], [@CR53]\], pure Ni \[[@CR36], [@CR43]\] and pure Ti \[[@CR34]--[@CR36], [@CR43], [@CR52]\], Ti alloy (Ti--6Al--4V \[[@CR39], [@CR44], [@CR51]\], Ti--6Al--7Nb \[[@CR35]\]), Co--Cr--Mo alloy, carbon fiber-reinforced polybutylene terephthalate, ultra-high molecular weight polyethylene, ceramic, calcium phosphate, and hydroxyapatite \[[@CR38]\]. The following materials served as the control: composite material Silux Plus® \[[@CR34]\], Thermanox \[[@CR35]\], polystyrene \[[@CR39], [@CR44]\], growth medium (e.g., FBS-DMEM) \[[@CR45]\], and white soft paraffin \[[@CR34]\]. In many studies, the properties of untreated and treated (high voltage, oxidization, nitridization, and ion implantation) materials were conducted.

Physical and Chemical Properties of the Materials---Methods {#Sec5}
-----------------------------------------------------------

In the majority of papers, physical/chemical properties of the materials were evaluated. Different methodological approaches have been applied. The basic characteristics were as follows: the chemical composition of the materials (XRD \[[@CR36], [@CR50], [@CR52]\], XPS \[[@CR37], [@CR46]--[@CR49], [@CR51], [@CR53]\], EPMA \[[@CR33]\], and not specified \[[@CR39], [@CR40], [@CR44]\]), the quantity of ions released (immersion tests---ICP-MS, FAAS, GFAAS, AAS \[[@CR34], [@CR42], [@CR45], [@CR47]--[@CR51]\]), corrosion resistance \[[@CR33], [@CR47], [@CR51]\], wear resistance \[[@CR33]\], microhardness \[[@CR33], [@CR47], [@CR51]\], surface roughness (profilometry, AFM \[[@CR35], [@CR37], [@CR39], [@CR40], [@CR44], [@CR49]--[@CR53]\]), surface morphology (SEM \[[@CR35], [@CR37], [@CR47]--[@CR50], [@CR52]\]), three-point bending test \[[@CR50]\], compression test \[[@CR48], [@CR49]\], transformation temperature \[[@CR49]\], superelasticity \[[@CR49]\], DSC \[[@CR49]\], FTIR \[[@CR52]\], VASE \[[@CR52]\], and WLI \[[@CR52]\]. The expected properties of the materials depend on their application, e.g., higher surface roughness is requested in orthopedic implants (better osteointegration), but lower in orthodontic wires (lower friction).

Physical and Chemical Properties of the Materials---Results {#Sec6}
-----------------------------------------------------------

The main conclusion arising from the performed studies was that the applied treatment improved the formation of the passivation layer (oxides, nitrides, and acetylides) which was protective against the release of metal ions from the material and consequently improved the biocompatibility. Practically, in all the studies, the initial release of metal ions was confirmed. If the materials were treated, this phenomenon was not so significant. This initial release was followed by the formation of the passivation layer. In the case of treated materials, this layer was formed under controlled conditions during the manufacturing process.

Table [4](#Tab4){ref-type="table"} discusses cell culture experiments---materials, methods, and results.

Cell Culture Experiments---Type of Cells {#Sec7}
----------------------------------------

Mainly three types of cells were investigated (Table [4](#Tab4){ref-type="table"}): human OB (bone, primary, cell line) \[[@CR33]--[@CR37]\], human osteoblast-like cells (OB-like; osteosarcoma cells MG63, SAOS-2, embryonic) \[[@CR38]--[@CR41]\], and animal OB (rabbits, mice, rats; osteosarcoma, bone---mainly calvaliar) \[[@CR42]--[@CR53]\]. Since the cell culture experiments were carried out on different types of cells (human OB and OB-like cells, as well as animal OB), it is difficult to compare the experimental results. However, it is possible to relate interpretations and conclusions.

Cell Culture Experiments---Type of Assay {#Sec8}
----------------------------------------

Cells were cultivated under laboratory conditions, and the following types of assays were performed: cell proliferation (hemacytometer), cell viability (cell counts), and morphology by SEM \[[@CR33]--[@CR53]\].

Cell Culture Experiments---Results {#Sec9}
----------------------------------

Cell proliferation was usually investigated by counting with the use of hemacytometer grid and expressed as cell number per square centimeter. The cells were then used in cell viability assay, and measurement of the content of cell protein was performed. Cell viability was assessed by staining and counting the number of cells. Stained cells were dead cells, because the dye penetrated into their interior. The results are presented as percent of living cells (not stained). Evaluation of cell protein content is based on dissolution of cell membrane with detergent. This enables to obtain protein lysates from cells. In the method, a calibration curve is prepared. The curve is based on colorimetric determination of bovine serum albumin (Table [4](#Tab4){ref-type="table"}).

The results of viability and proliferation tests showed the following biocompatibility order: Stst \> NiTi \> Ti and Ti alloys \> Ni. The determination of dead vs. live cells revealed the following sequence: NiTi \> Ti \> Stst \> Ni. Cell surviving showed the best properties of Nitinol \> control, Pt, Pd \> Au \> Ag \>\> Cu \[[@CR45]\]. No changes in morphology and no strong negative effect on proliferation and differentiation of OB were detected (Table [4](#Tab4){ref-type="table"}).

Table [5](#Tab5){ref-type="table"} reports descriptive results of phenotypic/genotypic markers.

Phenotypic/Genotypic Markers---Tests and Results {#Sec10}
------------------------------------------------

In the papers discussed in the present systematic review, the response of OB to the materials was determined by investigation of phenotypic markers, including biochemical (ALP, CICP, OC, MTT (enzymatic reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide), NO (nitric oxide), immunoassays) and histochemical (identification of ALP positive cells, as well as calcium and phosphates deposits) tests \[[@CR42]\]. ALP is used to determine cell viability by the measurement of conversion of *p*-nitrophenylphosphate into *p*-nitrophenol which is then analyzed colorimetrically. OC was assessed to determine its production capacity by OB and was determined by competitive radioimmunoassay with the use of polyclonal antibodies. ALP and OC are the measures of cell viability. CICP was a biochemical indicator of collagen production. In some works, transforming growth factor beta (TGF-β1) was evaluated. This is a protein that controls proliferation, cellular differentiation, and other functions in cells. Cytochemical assays (actin and vinculin labeling) were measured to determine cytoskeleton development. Enzymatic reduction of MTT assay was used to evaluate both cell viability and proliferation \[[@CR42]\]. Also, genotypic markers were determined: DNA laddering and TUNEL assay \[[@CR43]\].

Among phenotypic markers, practically in all the studies, ALP was determined, frequently OC and CICP \[[@CR33]--[@CR35], [@CR38]--[@CR42], [@CR44], [@CR45]\]. Less often, interpreted markers included MTT \[[@CR37]\], PICP (pro-collagen I) \[[@CR39], [@CR44]\], TGF-β1 \[[@CR39], [@CR44]\], IL-6 \[[@CR39], [@CR44]\], actin, and vinculin \[[@CR52]\]. In some cases, also genotoxicity tests were conducted \[[@CR40]\], including DNA laddering and TUNEL assay \[[@CR43]\]. Also, immune assays were performed \[[@CR52]\]. The results of measurements of phenotypic markers were in accordance with the results obtained in cell culture experiments (proliferation and viability).

The measured values of phenotypic markers (ALP, OC, and CICP) were usually better for implanted materials, as compared with the not implanted ones \[[@CR33], [@CR35], [@CR37], [@CR38], [@CR40], [@CR41]\]. In particular, this concerned implanted NiTi. The results for Stst were not so clear---one paper showed the improvement of biocompatibility \[[@CR35]\], another, the decrease \[[@CR33]\]. It was confirmed that the presence of metal ions in the growth medium in which OB were cultivated had inhibitory effect also on phenotypic markers \[[@CR42], [@CR45]\].

Adhesion of Cells {#Sec11}
-----------------

Adhesion of cells was found to be related with the properties of the materials, in particular with their morphology, roughness, and wettability \[[@CR53]\]. It is thought that the main role in the initial adhesion of cells was played by wettability \[[@CR53]\].

Cell Culture Experiments on Fibroblasts {#Sec12}
---------------------------------------

Bordji et al. \[[@CR33]\] investigated FB and determined fibronectin and type I collagen (CICP). High content of fibronectin in cells cultivated on untreated materials, N-implanted, and C-doped was detected. Ryhänen et al. \[[@CR34]\] also carried out cell culture experiments on human fibroblasts and evaluated cell proliferation and contact with the tested material. The results of cell culture of FB were similar to OB. Bogdanski et al. \[[@CR36]\] studied fibroblasts from murine 3 T3 (proliferation and adhesion). Montanaro et al. \[[@CR40]\] carried out experiments on FB from mouse (FB L929). Cells cultured on oxidized surfaces showed higher ALP and OC levels. Osteoblasts appeared more sensitive than fibroblasts in cytocompatibility tests \[[@CR33]\].

General Conclusions from the Studies {#Sec13}
------------------------------------

### Solution Containing Ions {#Sec14}

It was found that parameters of biocompatibility were correlated with the level of ions released from the materials \[[@CR45]\]. Morais et al. \[[@CR42]\] identified decrease in the expression of the osteoblast phenotypic markers if the cells were cultivated in the solution of metal ions. Slight effects of released ions on osteoblast phenotypic markers and negative impact on tissue mineralization ability were confirmed \[[@CR42]\]. The strongest effect was found for Ni ions \[[@CR42]\]. ALP was most rapidly produced on the 14th day of culture in the solution containing Ni ions \[[@CR42]\]. The percentage of simulation of MTT reduction was higher than the percentage of increase of ALP activity in the presence of metal ions vs. control \[[@CR42]\].

Growth of MG63 on Stst was not negatively influenced as compared to alloy of Ti and the control \[[@CR39]\]. This confirmed good biocompatibility of Stst with orthopedic application \[[@CR39]\]. Biocompatibility of P558 and osteointegration were better in P558 than in other materials \[[@CR44]\]. However, Yeung et al. found that among the tested materials, the worst properties were showed by Stst \[[@CR51]\].

Good biocompatibility up to 50% of Ni content was found---50:50% Ni/Ti \[[@CR36]\]. NiTi was well tolerated by osteoblastic type ROS-17 cells \[[@CR43]\]. Also, other studies showed good biocompatibility of NiTi and modified NiTi \[[@CR48], [@CR49]\]. Biocompatibility of Nitinol with human osteoblasts and fibroblasts was also good according to Ryhänen et al. \[[@CR34]\].

Pure Ti showed the best biocompatibility among the tested materials (proliferation and enzymatic activity) \[[@CR35]\].

Good in vitro biocompatibility of Ni-free alloy was confirmed. Therefore, it was concluded that the material can be potentially used in orthopedics \[[@CR40]\].

The Effect of Treatment on Biocompatibility {#Sec15}
-------------------------------------------

Practically in all the studies, the advantageous effect of various treatment techniques on biocompatibility of the materials was proved \[[@CR41]\]. Yeung et al. found that biocompatibility was improved by the implantation with N~2~, C~2~H~2~, and O~2~ \[[@CR47]\]. Yeung et al. \[[@CR53]\] confirmed that the release of Ni ions was reduced, as compared with NiTi which was not treated.

The most biocompatible materials were those treated by nitrogen implantation \[[@CR46]\]. Dramatic cellular reactions were observed in contact with nitrided Stst \[[@CR33]\]. N-PIII significantly improved the biocompatibility and mechanical properties \[[@CR50]\]. Nitridization resulted in increased proliferation of cells \[[@CR51]\]. Oxide layers were thin, pure, and nanostructured \[[@CR52]\].

Plasma-treated materials showed better cytocompatibility, improved adhesion, and proliferation of OB \[[@CR46]\]. Plasma implantation caused reduced delamination. Consequently, N-PIII significantly improved biocompatibility of NiTi \[[@CR51]\]. Ion-implanted and carbon-coated materials were more biocompatible \[[@CR33]\]. Cells adhered better and grew faster on the materials treated with CO~2~ laser \[[@CR37]\].

Conditions of Treatment {#Sec16}
-----------------------

Conditions of treatment had substantial effect on the properties of the materials. Cytocompatibility diminished if the alloys were oxidized at higher temperatures \[[@CR48], [@CR49]\]. Cell cultures (no cytotoxicity) and results of additional experiments showed the best cytocompatibility of NiTi alloys oxidized at 450°C \[[@CR50]\]. Nanoscale surface morphology altered by the implantation frequencies affected the surface free energy and wettability of the NiTi surfaces. Osteoblast adhesion behavior and proliferation were affected \[[@CR53]\].

Cell Culture Experiments---Proliferation, Viability, Phenotypic, and Genotypic Markers {#Sec17}
--------------------------------------------------------------------------------------

Different responses of osteoblasts to the materials were due to the mutual action and coadjustment of different interrelated surface parameters \[[@CR52]\]. The biomaterials did not exert any significant deleterious effects on the osteoblasts. Adhesion and matrix mineralization were not modified \[[@CR38]\]. Consequently, the conclusion was that the tested materials did not interfere with physiological functions of OB \[[@CR38]\]. No alteration in the production of ALP, NO, and PICP was observed \[[@CR39]\]. Also, Montanaro et al. found no significant cytotoxicity and genotoxicity of the alloys \[[@CR40]\]. P558 enhanced osteoblast differentiation, as confirmed by ALP \[[@CR44]\]. The effect of P558 on osteoblast viability, PICP, TGF β-1, and tumor necrosis factor-α production did not significantly differ from Ti6Al4V and controls \[[@CR44]\].

Discussion {#Sec18}
==========

Despite the potential toxicity of metals, alloys are widely used in, e.g., orthodontics and orthopedics, because of their unique properties: elasticity and shape memory, stiffness, hardness, endurance to tensile stresses, which prevail their application over other materials \[[@CR1]\]. Many of metals, which are components of alloys of which orthodontic devices are made, have been identified as mutagenic, cytotoxic, and allergenic \[[@CR54]--[@CR68]\]. It is widely accepted that ions of toxic metals released in measurable amounts can cause cytotoxic effects. At present, it has not been justified, if, e.g., orthodontic treatment is related with exposure to metal ions in toxic doses from biomaterials used in therapy \[[@CR9], [@CR10]\].

Generally, two classes of biocompatibility tests are distinguished: screening and specific toxicity tests. The first category is rather qualitative and the latter quantitative. Screening tests included investigation of biological effects under extreme testing conditions. The second group of assays studied multiple doses in order to determine the threshold level and also the measures of acute, sub-chronic, chronic, and lifetime exposure to a given material or toxic substances released from them. Studies which investigate biocompatibility of materials used in orthodontics often include cytotoxicity assays in cell cultures, where proliferation, viability, morphology, lysis, propagation, and enzymatic activity were assessed \[[@CR6]\]. Also, the molecular mechanisms were checked by investigation of increased expression and DNA binding activity of transcription factor which is critical for differentiation of OB \[[@CR69]\]. Cytotoxicity tests should follow the requirements of ISO 10,993 guidelines and are divided into extract, direct contact, and indirect contact methods \[[@CR7], [@CR8]\].

In the papers discussed in the present systematic review, tests included the cultivation of OB in the medium in which the material was immersed or the cultivation on the surface of the material. However, many papers underlined the importance of biological corrosion caused by the attack of oral cavity flora on the materials. This is the cause that the quantity of metal ions released does not reflect the conditions of oral cavity. Actually, the contribution of microbial corrosion in the overall corrosion of dental materials has not been established \[[@CR70]\].

The conclusion from practically all the studies was that the effect of material treatment on biocompatibility was advantageous. Better results (in some cases increased biocompatibility as compared with control) were obtained if the materials were implanted---the best results were obtained for oxidation (of, e.g., NiTi) and nitridation (of, e.g., NiTi, Ti). The formation of surface oxides or nitrides hindered the release of ions and increased proliferation and adhesion. Modification of the materials using high voltages, high frequencies, or high intensity CO~2~ laser treatment improved the biocompatibility of the materials, however, up to a threshold value.

The desired properties of the materials were connected with their application. Adhesion (cell attachment) of OB cells to surfaces of different materials, such as titanium, titanium alloys, or Co--Cr alloys, seemed to be more relevant in the clinical assessment of orthopedic/dental implants than in orthodontics. Physical properties of the surface (roughness, grooves) play an important role in osteointegration of orthopedic devices \[[@CR71]\]. Adhesion of cells was found to be related with the properties of the materials, including their morphology, roughness, and wettability \[[@CR53]\]. It is thought that the main role in the initial adhesion of cells was played by wettability.

The objective of the performed in vitro experiments on osteoblasts was to simulate the conditions occurring in an organism of human, whereby a given material (implants) or solution containing ions released from the material (orthodontic devices) stayed in contact with OB. However, it is necessary to bear in mind that the conditions of OB cultivation under artificial laboratory conditions substantially differ from in vivo environment. For instance, in the cell culture experiments, evaluated human OB and OB-like, and animal OB, undergo shear stress effects throughout laboratory restricted cultivation techniques \[[@CR69]\]. Also, the experiments were carried out under the regime of sterile environment, meaning that microorganisms were absent. While these conditions were consistent with testing orthopedic materials, they differ from the conditions of oral environment, whereby microbial corrosion plays an important role in the deterioration of biocompatibility of the materials \[[@CR72]\]. So far, no one has evaluated the total dose to which a patient is exposed during the whole orthodontic treatment. This is related with difficulties of using invasive biomarkers of exposure from human patients.

Studies have been performed to investigate the possible connection between changes in clinical chemistry patterns in blood after the removal of dental amalgams \[[@CR73]\] or changes of trace elements in erythrocytes/plasma, also after amalgams/other metal alloy removal \[[@CR74]\]. Other studies concerning caries susceptibility with the relation to trace metal concentration in saliva of primary school children have been performed \[[@CR75]\]. Additional field of the assessment of exposure to trace elements discussed in the literature were teeth, evaluated to reveal the relation of tooth element content of diabetics and hypertensives \[[@CR76]\]. There is the lack of long-term studies or papers discussing effects/consequences after the treatment had been finished. Therefore, so far in the available literature, unknown are toxicological aspects related with orthodontic treatment, including dose--response relationship or estimation of the effect of the duration of the treatment and the type of the appliance used on the dose of metals released in an organism of a patient.

Conclusions {#Sec19}
===========

The conclusions which arose from the studies included in the present systematic review were that a variety of measures of OB function, including enzyme production, synthesis of collagen, and non-collagenous proteins, mineral production, DNA synthesis were not strongly affected by the tested materials. The conclusions from the papers are recommendations for the manufacturing process which should include the formation of artificial passivation layer. This would eliminate the stage of initial release of metal ions immediately after placement of the material in an organism of human, a phenomenon which was confirmed practically in all the papers.

The general conclusions on cytocompatibility of the materials are as follows: No negative dramatic effect of the materials on proliferation, viability, or morphology (with the exception of Cu in one study) was detected.Viability and proliferation rate were the highest in Stst, subsequently, NiTi, Ti, and its alloys, Ni. Such conclusions arose in the majority of papers, with some exceptions which appeared in experiments on animal osteoblasts.Generally, covering the materials with the layer of oxides or nitrides by using different techniques and different conditions improved all biocompatibility indicators, by decreasing the susceptibility of the materials to deterioration.
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